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1
THERMAL CURING OF CELL-BASED
STRUCTURAL ARRAYS

BACKGROUND INFORMATION

1. Field

The present disclosure generally relates to manufacturing
and reworking of adhesively bonded cell-based arrays, and
deals more particularly with a method and apparatus curing
the adhesive that bonds the cells and skin panels together.

2. Background

Cell-based structural arrays may be used to provide com-
posite structures with strength and rigidity, and/or to form
functional features such as a structural RF (radio frequency)
aperture used for transmission and/or reception of RF signals.
In one application, a cell-based structural array is bonded
between inner and outer facesheets to form a sandwich struc-
ture. The cell-based structural array comprises individual
hollow cells formed by cell walls that are adhesively joined
together along bondlines. After the adhesive is applied, a bank
of'tooling blocks is inserted into the cells of the array, and the
array along with the tooling blocks are placed in an oven or an
autoclave for thermal curing.

The curing technique described above relies on convection
heat sources which may not evenly convect heat across the
bank of tooling blocks. This uneven convection heating is due
in part to thermal gradients caused by the relatively high
thermal mass of the tooling blocks. Uneven convection heat-
ing may result interior sections of the cell-based array heating
up more slowly than the outer sections. Additionally, uneven
heating may occur within the individual cells where the tool-
ing blocks have insufficient thermal conductivity to conduct
heat uniformly through the interior of the cells. Again, this
non-uniform heat conduction, particularly in remote regions
of the tooling blocks, is due to the relatively high thermal
mass of the tooling blocks.

As a result of these causes of uneven cell heating, the
bonding adhesive may not be cured with sufficient uniformity
across all cells of the array to meet process specifications,
resulting in scrap or rework which adds to manufacturing
costs.

Accordingly, there is a need for a method and apparatus
that provide consistent, uniform heating of adhesively
bonded cell-based arrays during thermal curing. There is also
a need for a method and apparatus of the type mentioned
above that reduces the fabrication cost of composite sandwich
structures, increases production yields and reduces the time
required for thermal curing.

SUMMARY

The disclosed embodiments provide a high yield, low-cost
method and apparatus for thermally curing adhesives used to
fabricate or rework cell-based structural arrays, such as those
employed for structural RF apertures. Consistent, uniform
heating of adhesive bondlines in each cell of the array is
achieved using a combination of convection and conduction
heating. Warm air is convected evenly across a bank of tools
placed in the cells, and the heated tools uniformly conduct
heat into each cell to cure the adhesive. The tools are simple
and easily fabricated. Improved, uniform curing provided by
the disclosed embodiments reduce fabrication and rework
costs, while increasing production yields and decreasing cure
times. The embodiments are well suited for uniform heating
of large area cell arrays. Equipment costs may be reduced
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2

through the use of fewer thermocouples needed for monitor-
ing cure temperatures, and use of less costly and/or less
precise cure ovens.

According to one disclosed embodiment, an apparatus is
provided for thermally curing a composite structure having at
least one cell therein. The apparatus comprises a tool block
capable of being inserted into the cell, contacting the com-
posite structure, and a thermally conductive element extend-
ing substantially through the tool block and having an
exposed portion outside of the tool block, the thermally con-
ductive element capable of being convectively heated by a
flow of warm air passing over the exposed portion thereof.
The thermally conductive element may have a thermal con-
ductivity greater than a thermal conductivity of the tool block.
The thermally conductive element may be a metal rod. The
tool block has a depth, and the thermally conductive element
is in contact with the tool block substantially throughout the
depth of the tool block. The tool block may have a substan-
tially polygonal cross-sectional shape, and the thermally con-
ductive element may have a substantially circular cross-sec-
tional shape. The thermally conductive element may be
formed from at least one of steel, iron, aluminum, copper and
carbon.

According to another disclosed embodiment, apparatus is
provided for thermally curing a composite structure having an
array of composite cells formed by cell walls joined together
by an adhesive. The apparatus comprises a bank of thermally
conductive tools, wherein each of the tools includes a tool
block capable of being received into one of the cells for
thermally curing the adhesive, and a thermally conductive
element passing substantially through the tool block. The
apparatus further comprises a thermally conductive element
including an exposed portion extending beyond the tool block
and capable of having hot air flow thereover for convectively
heating the exposed portion. The thermally conductive ele-
ment may have a thermal conductivity greater than a thermal
conductivity of the tool block and may be formed of at least
one of steel, iron, aluminum, and copper. The tooling block
has a depth at least as great as a depth of the cell into which it
is received, and the thermally conductive element is in sur-
face-to-surface contact with the tool block substantially the
entire depth of the tool block. The apparatus may further
comprise a manifold for directing a flow of hot air across the
exposed portion of the thermally conductive element. The
manifold includes an enclosure capable of enclosing the array
of composite cells, and at least one fan or other means for
flowing hot air through the enclosure.

According to a further embodiment, a method is provided
of curing adhesive used to bond together walls of cells form-
ing a composite cell array. The method comprises inserting a
plurality of tool blocks respectively into the cells of the com-
posite cell array, placing a plurality of thermally conductive
elements respectively into the tool blocks such that a portion
of each of the thermally conductive elements is exposed,
heating the thermally conductive elements, and heating the
tool blocks to a cure temperature sufficient to cure the cell
adhesive by conducting heat from the thermally conductive
elements to the tooling blocks. Heating the thermally conduc-
tive elements is performed by convective heating achieved by
passing hot air over the exposed portion of the thermally
conductive elements. The convective heating may be per-
formed by placing the cell array, the tool blocks, and the
thermally conductive elements inside of a manifold, and
flowing hot air through the manifold across the exposed por-
tion of the thermally conductive elements.

According to another disclosed embodiment, a method is
provided of heating a composite cell array, comprising insert-
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ing a plurality of tool blocks respectively into the cells of the
composite cell array, and heating thermally conductive ele-
ments in each of the composite cells in the cell array. The tool
blocks are heated by conducting heat from the thermally
conductive elements to the tool blocks. Heating the thermally
conductive elements may be performed by flowing hot air
over exposed portions of the thermally conductive elements.
Conducting heat from the thermally conductive elements to
the tool blocks includes conducting heat from the exposed
portions of the thermally conductive elements into the tool
blocks. Heating the thermally conductive elements may be
performed by inductive heating.

According to still another disclosed embodiment, a method
is provided of substantially uniformly heating each of a plu-
rality of cells forming a composite cell array. The method
comprises locating a plurality of thermally conductive ele-
ments respectively within the plurality of cells, convectively
heating the thermally conductive elements, and heating each
of'the cells by conducting heat from the thermally conductive
elements to the cells. Convectively heating the thermally
conductive elements is performed by flowing hot air over the
thermally conductive elements. Locating the plurality of ther-
mally conductive elements includes exposing a portion of
each of the thermally conductive elements to the hot air flow-
ing thereover. The method may further comprise placing a
plurality of tool blocks respectively inside the cells. Locating
the plurality of thermally conductive elements includes plac-
ing the thermally conductive elements respectively inside,
and in contact with the tool blocks.

The features, functions, and advantages can be achieved
independently in various embodiments of the present disclo-
sure or may be combined in yet other embodiments in which
further details can be seen with reference to the following
description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The novel features believed characteristic of the illustrative
embodiments are set forth in the appended claims. The illus-
trative embodiments, however, as well as a preferred mode of
use, further objectives and advantages thereof, will best be
understood by reference to the following detailed description
of an illustrative embodiment of the present disclosure when
read in conjunction with the accompanying drawings,
wherein:

FIG. 1 is an illustration of a perspective view of a front
portion of an aircraft fuselage.

FIG. 2 isanillustration of a perspective view of a portion of
an structural RF aperture shown in FIG. 1.

FIG. 3 is an illustration of a perspective view of the area
designated as “FIG. 3” in FIG. 2.

FIG. 4 is an illustration of a perspective view of a bank of
tools inserted in a cell array.

FIG. 5 is an illustration of a perspective view of one of the
tools shown in FIG. 4, parts broken away in section.

FIG. 6 illustration of a view similar to FIG. 4 but showing
hot air convected across the bank of tools.

FIG. 7 is an illustration of a sectional view taken along the
line 7-7 in FIG. 6.

FIG. 8 is an illustration of a view similar to FIG. 5 but
showing the conduction of heat through the thermal conduc-
tor and the tooling block.

FIG. 9 is an illustration of a sectional view taken along the
line 9-9 in FIG. 8.

FIG. 10 is an illustration of a perspective view of the cell
array and bank of tools having been placed inside a manifold.
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FIG. 11 is an illustration of a flow diagram of a method of
thermally curing a cell-based structural array.

FIG. 12 is an illustration of a flow diagram of aircraft
production and service methodology.

FIG. 13 is illustration of a block diagram of an aircratt.

DETAILED DESCRIPTION

The disclosed embodiments may be employed to fabricate
or rework composite structures that incorporate cell-based
arrays, sometimes referred to herein as cell-based structural
arrays. For example, referring to FIG. 1, a structural RF (radio
frequency) aperture 20 used for communication may be inte-
grated into the skin 22 of the aircraft fuselage 24. As shown in
FIG. 2, the RF structural aperture 20 comprises an array 26 of
cells 30 sandwiched between inner and outer facesheet 28, 29
to form a composite sandwich structure. Although the struc-
tural RF aperture 20 is shown as being located in the aircraft
fuselage 24, it may be located in other areas of the aircraft,
including but not limited to wings, cowls, stabilizers, doors,
etc. Moreover, although an aircraft application is illustrated,
the cell-based structural array may be incorporated into struc-
tures used in other applications, such as, for example and
without limitation, land or sea vehicles satellites, etc.

Referring also to FIG. 3, the cells 30 are formed by walls 32
that are joined together along their mutual edges by a resin
bonding adhesive 46 (see FIGS. 5, 8 and 9) forming vertical
adhesive fillets or bondlines 34. The walls 32 are also joined
to the inner facesheet 28 or to RF antenna elements 38 by
bonding adhesive 46 forming horizontal adhesive fillets or
bondlines 36. Each of the cells 30 may include an RF antenna
element 38 adapted to receive and/or transmit RF communi-
cation signals. In the illustrated example, the cells 30 have a
substantially rectangular cross-section, however other cross-
sectional cell shapes are possible. The structural RF aperture
20 shown in FIGS. 1-3 is merely illustrative of a wide range of
cell-based structural arrays that may be fabricated and/or
reworked using the method and apparatus described below in
greater detail.

During fabrication and/or rework of a cell-based structural
array 26 it may be necessary to thermally cure the walls 32
and/or the bonding adhesive forming the fillets 34, 36. Refer-
ring now to FIGS. 4-9, the structural array 26 may be ther-
mally cured using a bank 48 of tools 40, each of which is
inserted into one of the cells 30. Each of the tools 40 includes
a tool block 42 and a rod-like, generally centrally located
thermally conductive element 44. The thermally conductive
element 44 passes through, and is in face-to-face surface
contact with the tool block 42, substantially along the entire
depth of the tool block 42. Each of the tool blocks 42 and the
thermally conductive elements 44 is formed of a thermally
conductive material such as aluminum, steel, carbon, iron,
copper or a metal alloy. In one embodiment, the thermally
conductive element 44 may have a thermal conductivity how-
ever, that is greater than the thermal conductivity of the tool
block 42. In other embodiments, however, the tool blocks 42
may have a relatively high conductivity and the thermally
conductive elements 44 may be only moderately conductive
with a conductivity that is less than that of the tool blocks 42.

Each of the tool blocks 42 has a cross-sectional shape
substantially matching that of cells 30 and is in substantially
face-to-face contact with the surrounding walls 32. More
particularly, each of the tool blocks 42 is in contact with the
bonding adhesive 46. The tool blocks 42 may be solid, but in
some embodiments, the tool block 42 may include hollowed
areas to house functional components (not shown). In still
other embodiments, each of the tool blocks 42 and the ther-
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mally conductive elements 44 may have a circular cross-
sectional shape. In another variation, the thermally conduc-
tive elements 44 may be hollow. The thermally conductive
element 44 has an exposed portion 44a that extends beyond
and above the tool block 42. In the illustrated embodiment,
each of the thermally conductive elements 44 is generally
cylindrical with a generally circular cross-section, however
other cross-sectional geometries are possible. Although not
shown in the drawings, the thermally conductive element 44
may include surface fins to increase its ability to absorb
thermal energy from a convective flow 50 of fluid such as, for
example and without limitation, a flow of hot air (hereinafter
referred to as a hot airflow 50) that is passed over the bank 48
of'tools 40. It may be possible to heat the thermally conduc-
tive elements 44 using other heating techniques, such as,
without limitation, induction heating.

The thermally conductive elements 44 may be installed
within each of the tool blocks 42 by any suitable means,
including but not limited to friction fit insertion or swaging.
Regardless of the installation method used, the thermally
conductive elements 44 are installed such that the tool blocks
42 are in intimate surface contact with each other. This inti-
mate surface contact maximizes the conduction of thermal
energy from the thermally conductive elements 44 to the tool
blocks 42. The exposed portions 44a of the thermally con-
ductive elements 44 may be substantially equal in length and
may extend beyond the tool blocks 42 a distance that presents
a desired surface area to convective hot airflow 50. The con-
vective hot airflow 50 convectively heats the thermally con-
ductive elements 44. In the illustrated embodiment, the tools
40 in the bank 48 are arranged in aligned rows and columns,
corresponding to the layout of the cells 30 in the array 26,
however other aligned or non-aligned arrangements are pos-
sible.

In use, after the cell array 26 has been assembled and the
bonding adhesive has been applied, one of the tools 40 is
inserted into each of the cells 30. The thermally conductive
elements 44 may be inserted into the tool blocks 42 either
before or after the tool blocks 42 have been placed in the cells
30. The cell array 26 along with the bank 48 of tools 40 is
placed in an oven (not shown) or other suitable heated cham-
ber, where hot air 50 is flowed across the tool bank 48. The
convective hot airflow convectively heats the exposed por-
tions 44a of the thermally conductive elements 44. The heat is
conducted downwardly 52 through the thermally conductive
elements 44 and is conducted radially 54 outward into the tool
blocks 42. The tool blocks 42 in turn conduct the heat 55 to the
surrounding adhesive 46 and cell walls 32. Because substan-
tially the same volume of hot airflow 50 passes across all of
the thermally conductive elements 44, regardless of the posi-
tion of the tool 40 in the tool bank 48, substantially the same
amount ofheat is delivered to the adhesive 46 in all of the cells
of the cell array 26. As a result of the same amount of heat
being delivered to all of the cells 30, all of the cells 30 are
heated at the same rate. This even heating of the cells 30 may
reduce cure cycle times, while reducing or eliminating varia-
tions in curing from cell-to-cell.

Attention is now directed to FIG. 10 which illustrates a
manifold 62 that may be used in combination with the bank 48
(FIG. 6) to achieve even, efficient and rapid thermal curing of
a cell array 26. The manifold 62 comprises an enclosure 60
into which the cell array 26 may be placed for curing. Tubular
inlets 64 in one end 61 of the enclosure 60 are each provided
with fans 66 that draw hot air 68 into the enclosure 60, and
evenly distribute the air across the tool bank 48. The hot
airflow 50 convectively heats the exposed portions 44a of the
thermally conductive elements 44, and exits the enclosure 60
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atthe opposite end 63. The flow rate of hot air passing over the
exposed portions 44a may be controlled by controlling the
speed of the fans 66. Although not shown in the figures, a heat
source such as electrical heating coils may be integrated into
the enclosure 60 in order to heat the air as it is being intro-
duced into the enclosure 60. In other embodiments, the mani-
fold 62 may be placed in an oven or an autoclave which
supply the heat necessary for curing. A wide variety of other
techniques may be employed to produce the desired hot air-
flow 50 across the thermally conductive elements 44. For
example, although not shown in the drawings, in an alternate
embodiment, the enclosure 60 may be provided with a funnel-
like or horn shaped structure that focuses ambient airflow
occurring within a cure oven into an inlet opening of the
enclosure 60, and across the tool bank. In still another
embodiment, the fans 66 may be placed at the outlet 63 of the
enclosure and configured to draw air through the manifold 60,
rather than push it.

FIG. 11 broadly illustrates a method of substantially uni-
formly heating the cells of a structural cell array 26 using the
apparatus previously described. Beginning at 70, individual
tool blocks 42 are inserted into each of the cells 30 of the
cell-based structural array 26. At step 72, thermally conduc-
tive elements 44 are placed into each of the tool blocks 42,
with a portion 44a thereof exposed. At 74, the conductive
elements 44 are thermally heated, as by flowing hot air 50
over the exposed portions 44a of the thermally conductive
elements 44, or by using other heating techniques. At step 76,
the tool blocks 42 are heated by conducting heat from the
thermally conductive elements 44 to the tool blocks 42. At 78,
the composite cells and adhesive are cured by conducting heat
from the heated tool blocks 42 to the composite cells/adhe-
sive.

Embodiments of the disclosure may find use in a variety of
potential applications, particularly in the transportation
industry, including for example, aerospace, marine, automo-
tive applications and other application where cell-based
structural components are employed. Thus, referring now to
FIGS. 12 and 13, embodiments of the disclosure may be used
in the context of an aircraft manufacturing and service
method 80 as shown in FIG. 12 and an aircraft 82 as shown in
FIG. 13. Aircraft applications of the disclosed embodiments
may include, for example, without limitation, composite cell
cores used in composite sandwich structures, and RF aper-
tures, to name only a few. During pre-production, exemplary
method 80 may include specification and design 84 of the
aircraft 82 and material procurement 86. During production,
component and subassembly manufacturing 88 and system
integration 90 of the aircraft 82 takes place. Thereafter, the
aircraft 82 may go through certification and delivery 92 in
order to be placed in service 94. While in service by a cus-
tomer, the aircraft 82 is scheduled for routine maintenance
and service 96, which may also include modification, recon-
figuration, refurbishment, and so on.

Each of the processes of method 80 may be performed or
carried out by a system integrator, a third party, and/or an
operator (e.g., a customer). For the purposes of this descrip-
tion, a system integrator may include without limitation any
number of aircraft manufacturers and major-system subcon-
tractors; a third party may include without limitation any
number of vendors, subcontractors, and suppliers; and an
operator may be an airline, leasing company, military entity,
service organization, and so on.

As shown in FIG. 13, the aircraft 82 produced by exem-
plary method 80 may include an airframe 98 with a plurality
of systems 100 and an interior 102. Examples of high-level
systems 100 include one or more of a propulsion system 104,
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an electrical system 106, a hydraulic system 108, and an
environmental system 110. Any number of other systems may
be included. Although an aerospace example is shown, the
principles of the disclosure may be applied to other industries,
such as the marine and automotive industries.

Systems and methods embodied herein may be employed
during any one or more of the stages of the production and
service method 80. For example, components or subassem-
blies corresponding to production process 88 may be fabri-
cated or manufactured in a manner similar to components or
subassemblies produced while the aircraft 82 is in service.
Also, one or more apparatus embodiments, method embodi-
ments, or a combination thereof may be utilized during the
production stages 88 and 90, for example, by substantially
expediting assembly of or reducing the cost of an aircraft 82.
Similarly, one or more of apparatus embodiments, method
embodiments, or a combination thereof may be utilized while
the aircraft 82 is in service, for example and without limita-
tion, to maintenance and service 96.

Asusedherein, the phrase “atleast one of””, when used with
a list of items, means different combinations of one or more of
the listed items may be used and only one of each item in the
list may be needed. For example, “atleast one of item A, item
B, and item C” may include, without limitation, item A, item
A and item B, or item B. This example also may include item
A, item B, and item C or item B and item C. The item may be
aparticular object, thing, or a category. In other words, at least
one of means any combination items and number of items
may be used from the list but not all of the items in the list are
required.

The description of the different illustrative embodiments
has been presented for purposes of illustration and descrip-
tion, and is not intended to be exhaustive or limited to the
embodiments in the form disclosed. Many modifications and
variations will be apparent to those of ordinary skill in the art.
Further, different illustrative embodiments may provide dif-
ferent advantages as compared to other illustrative embodi-
ments. The embodiment or embodiments selected are chosen
and described in order to best explain the principles of the
embodiments, the practical application, and to enable others
of ordinary skill in the art to understand the disclosure for
various embodiments with various modifications as are suited
to the particular use contemplated.

What is claimed is:
1. A method of curing adhesive used to bond together walls
of cells forming a composite cell array, comprising:

inserting a plurality of tool blocks respectively into the
cells of the composite cell array;

placing a plurality of thermally conductive elements
respectively into the tool blocks such that a portion of
each of the thermally conductive elements is exposed;

heating the thermally conductive elements; and
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heating the tool blocks to a cure temperature sufficient to
cure the adhesive by conducting heat from the thermally
conductive elements to the tool blocks.

2. The method of claim 1, wherein heating the thermally
conductive elements is performed by convective heating.

3. The method of claim 2, wherein the convective heating is
performed by passing hot air over the exposed portion of the
thermally conductive elements.

4. The method of claim 2, wherein the convective heating is
performed by:

placing the cell array, the tool blocks, and the thermally

conductive elements in a manifold, and

flowing hot air through the manifold and across the

exposed portion of the thermally conductive elements.

5. A method of heating a composite cell array, comprising:

inserting a plurality of tool blocks respectively into the

cells of the composite cell array;

heating insertable thermally conductive elements in the

plurality of tool blocks in each of the composite cells in
the cell array;
heating the tool blocks by conducting heat from the ther-
mally conductive elements to the tool blocks; and

heating each of the cells by conducting heat from the tool
blocks to the cells, in which heating each of the cells
cures at least one of walls of the cells or adhesive joining
the walls of the cells.

6. The method of claim 5, wherein heating the thermally
conductive elements is performed by flowing hot air over the
exposed portions of the thermally conductive elements.

7. A method of substantially uniformly heating each of a
plurality of cells forming a composite cell array, comprising:

locating a plurality of thermally conductive elements

respectively within the plurality of cells;

placing a plurality of tool blocks respectively inside the

cells, in which locating the plurality of thermally con-
ductive elements includes placing the thermally conduc-
tive elements respectively inside, and in contact with the
tool blocks;

convectively heating the thermally conductive elements;

and,

heating each of the cells by conducting heat from the ther-

mally conductive elements to the cells, in which heating
each of the cells cures at least one of walls of the cells or
adhesive joining the walls of the cells.

8. The method of claim 7, wherein convectively heating the
thermally conductive elements is performed by flowing hot
air over the thermally conductive elements.

9. The method of claim 8, wherein locating the plurality of
thermally conductive elements includes exposing a portion of
each ofthe thermally conductive elements to the hot air flow-
ing thereover.



